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Introduction fect the expression of specific genes both positively and negatively. H4 and H3 N-termini both repress silent In the eukaryotic nucleus, DNA is highly compacted into mating loci and telomeric heterochromatin in yeast a nucleoprotein complex referred to as chromatin. Thus, (Fisher-Adams and Grunstein, 1995) . More strikingly, dein vivo, the structure of chromatin must at a minimum letion of the H4 N-terminal residues 4-23 or mutagenesis passively allow regulated transcription, which requires of the acetylatable lysines in this region decreases actigene activation as well as repression. Recent evidence vation of the GAL1 promoter, while deletion of residues strongly indicates that chromatin actually plays active 4-15 of H3 or mutagenesis of acetylatable lysines hyperroles in these processes (for review see Wolffe, 1995) .
activates GAL1. These differences are reflected in differThe most fundamental level of chromatin organization ent effects of mutations in the two histones on chromais a periodic and particulate unit, the nucleosome, with tin structure of the GAL1 promoter (Fisher-Adams and a repeat length of approximately 200 bp of DNA. In the Grunstein, 1995) . Thus, the histone H4 N-terminal tail nucleosome, DNA is wrapped twice (approximately 80 functions in both gene activation and repression. Mutabp/turn) in a left-handed superhelix around an octameric tions in the N-termini of H3 and H4 also show promotercore containing two each of the four conserved core specific effects, activating the expression of some histones H2A, H2B, H3, and H4. In most organisms, genes but not others. The mechanistic basis for these nucleosome cores are separated by a variable length promoter-specific effects is unknown. They likely reflect of linker DNA that is associated with a single molecule preexisting differences in chromatin structure at the difof a fifth, less conserved histone usually referred to as ferent genes (e.g., particular relationships between the linker histone or H1. nucleosome position and promoter or upstream activatThe structures of the core histone octamer and the ing sequence elements) or differences in the way specore particle have been determined by X-ray crystallogcific transcription factors or regulatory proteins interact raphy (for review see Pruss et al., 1995) . The core ocwith nucleosomes (Paranjape et al., 1994) . These studies tamer has a tripartite structure with a central (H3-H4) 2 in yeast argue strongly that the core histones serve as tetramer that interacts with two H2A-H2B dimers. The global repressors of transcription and also interact in core histones have globular highly ␣-helical C-terminal specific ways with the transcriptional apparatus of difdomains that are involved in histone-histone interacferent genes. tions and DNA binding. They also contain more basic
In vitro, H1 binding to naked DNA inhibits transcripunstructured N-terminal tails thought to interact with tion, and addition of H1 increases the transcriptional DNA at the outside of the superhelical turns, possibly repression observed with core particles alone (Owenextending into the linker regions. The tails also are sub- Hughes and Workman, 1994; Paranjape et al., 1994) . ject to extensive secondary modification and can interBiochemical studies have also consistently demonact with nonhistone proteins. strated a partial depletion or alteration in the association Histone H1 in most organisms has three distinct doof H1 with active genes in diverse organisms including mains, a central globular region, a basic N-terminal reDrosophila, Xenopus, chickens, mammals, and Tetrahygion, and a C-terminal tail. The precise location of H1 mena (for review see Zlatanova and Van Holde, 1992 ). An unfortunate limitation on in vivo studies of the function of in chromatin is not known (Pruss et al., 1995) , although linker histones has been the failure so far to demonstrate mature RNAs produced by genes transcribed by each of the three classes of RNA polymerases remains untheir existence in yeast, thus precluding the kinds of gene replacement studies that have furthered our underchanged. However, basal transcription of at least one repressed gene (ngoA) is increased, suggesting that H1 standing of the role of the core histones in transcription. Expression of a heterologous H1 gene in S. cerevisiae can function as a gene-specific repressor. Surprisingly, in these cells, the activated transcription of at least one has been shown to have highly deleterious effects on growth and viability and to repress expressed genes gene (CyP) is reduced, suggesting an unexpected role of H1 in gene-specific activation. Thus, like core histones, a (Linder and Thoma, 1994; Miloshev et al., 1994) . In Xenopus, increased expression of H1 in embryos specifically linker histone can function as either a positive or negative regulator of gene expression in vivo. repressed transcription of oocyte 5S RNA genes but not of other pol III transcripts (Bouvet et al., 1994) . Conversely, partial depletion of H1 by targeted ribozyme Results treatment (Bouvet et al., 1994; Kandolf, 1994) specifically increased expression of oocyte 5S genes. Aside RNA Content and Dry Weight Are Unchanged in Cells Lacking Linker Histones from those studies, the role of linker histone in transcription in vivo remains largely unexplored.
Tetrahymena cells lacking linker histones grow normally (Shen et al., 1995) , suggesting that critical functions Tetrahymena thermophila provides a model system to study linker histone function in transcription in vivo.
such as replication, transcription, and protein synthesis in these cells are not grossly altered. We also have Like most ciliates, Tetrahymena cells contain two nuclei (for review and references see Gorovsky, 1973 Gorovsky, , 1980 .
shown that ⌬H1 and ⌬MicLH (MicLH knockout) cells contain normal amounts of DNA in their nuclei (Shen et Macronuclei in vegetative Tetrahymena cells are transcriptionally active somatic nuclei. Macronuclear linkers al., 1995) , suggesting that DNA replication is unaffected.
To determine the RNA levels in linker histone knockout are associated with an H1 whose size, solubility properties, lysine richness, and cell division-associated phosstrains, total RNA was isolated from a known number of wild-type cells, cells lacking H1 (⌬H1), and cells lackphorylation are typical of that class of histones but that lacks the central globular domain found in the H1s of ing the micronuclear linker histones (⌬MicLH) in log growth phase by the guanidine isothiocyanate-CsCl multicellular eukaryotes (Wu et al., 1986; Hayashi et al., 1987) . It is encoded by the HHO gene. Micronuclei in method (Chirgwin et al., 1979 (Table 1) . (Gaertig et al., 1994) . Like other eukaryotes, Tetrahymena cells regulate gene expression mostly at the level To investigate the effect of linker histone loss on overall protein contents, the dry weights of wild-type, of transcription (Stargell et al., 1990) . Thus, this system provides a unique opportunity for elucidating linker his-⌬H1, and ⌬MicLH cells were measured. If protein amounts are changed significantly, dry weight should tone function in transcription in vivo.
We have previously shown that linker histones are not reflect the change, since proteins make up more than half of dry weight (Calzone et al., 1983) . Triplet samples essential for survival by disrupting linker histone genes in the transcriptionally active macronucleus (Shen et al., of known numbers of cells from log phase were dried and weighed. Dry weight per cell was about 1.8-1.9 ng 1995). In the current study, the effect of linker histone loss on transcription was investigated in vivo. We find for wild-type, ⌬H1, and ⌬MicLH cells (Table 1) . Coupled with the fact that ⌬H1 and ⌬MicLH cells have normal that linker histone H1 does not appear to affect global transcription. In cells lacking H1 (⌬H1), the number of doubling times (Shen et al., 1995) , this suggests that Histone Knockout Strains Total RNA from 10,000 cells was separated on a formaldehydeNorthern analysis of RNA polymerase III transcripts. Total RNA was agarose gel and stained with ethidium bromide (top). The rRNA band isolated from wild-type, ⌬H1, ⌬MicLH cells at 200,000 cells per ml consists of 17S rRNA and two nicked halves of 26S rRNA. rRNA during log growth. Total RNA (10 g) was analyzed in each lane. remains unchanged in ⌬H1, ⌬MicLH, and ⌬⌬LH strains. Using a 26S
Using a 5S rRNA-specific probe (top), little difference in 5S rRNA rRNA-specific probe on a Northern blot (bottom), little difference levels was detected among wild-type, ⌬H1, and ⌬MicLH strains. was detected in the 26S rRNA levels among wild-type, ⌬H1, ⌬MicLH, Using a Gln-tta tRNA-specific probe (middle), little difference in Glnand ⌬⌬LH strains.
tta tRNA level was detected among wild-type, ⌬H1, and ⌬MicLH strains. Bottom panel shows ethidium bromide-stained rRNA as loading control.
protein synthesis in linker histone knockout cells is not significantly altered.
were also indistinguishable from those in control cells (data not shown).
RNA Polymerase I Transcripts Are Not Affected in Cells Lacking Linker Histones
A Gln-tta tRNA probe specific for the glutamine tRNA recognizing the TAA codon in T. thermophila (Kuchino In Tetrahymena cells as in other eukaryotes, rDNA is transcribed by an ␣-amanitin-insensitive RNA polymeret al., 1985) was also used to analyze RNA polymerase III transcripts on Northern blots. Little difference in Glnase I into precursor rRNA, which is processed into mature 26S, 5.8S, and 17S rRNAs (for review and references tta tRNA levels was detected among wild-type, ⌬H1, and ⌬MicLH cells (Figure 2 ). Thus, two specific RNA see Cech et al., 1982) . To determine the effect of linker histone loss on RNA polymerase I transcripts, rRNA was polymerase III transcripts are not affected by the loss of linker histones. examined by ethidium-bromide staining of total RNA from equal numbers of cells run on an RNA gel. In Tetrahymena cells, the rRNA band consists of 17S rRNA and Most RNA Polymerase II Transcripts Are Not two halves of the 26S rRNA that is nicked during maturaAffected in Cells Lacking Linker Histones tion (Eckert et al., 1978) . No changes in rRNA amounts RNA polymerase II is responsible for transcription of were detected in ⌬H1, double knockouts of H1 and most genes that encode mRNA. In Tetrahymena cells, MicLH (⌬⌬LH; Shen et al., 1995) , or in ⌬MicLH (Figure gene expression is controlled at the level of transcrip-1). To confirm this, a 26S rRNA-specific probe was used tion. When the relative transcriptional activities of 14 to hybridize total RNA from equal numbers of cells on genes were determined in different physiological or dea Northern blot. There were no detectable differences velopmental states (growth, starvation, and conjugation) in total hybridization to 26S rRNA among ⌬H1, ⌬⌬LH, in which many of the genes showed striking differences ⌬MicLH, and wild type (Figure 1) , 1990) . Since most mRNAs are polyadenylated in Tetrahymena cells (Calzone et al., 1983) , the amount RNA polymerase III transcribes small RNAs, such as 5S rRNA and tRNAs. To determine the effect of linker hisof total polyA ϩ mRNA should reflect global transcription by RNA polymerase II. tone loss on RNA polymerase III transcription, the 5S rRNA levels were measured using Northern blotting.
To determine the total polyA ϩ mRNA level, Northern blot analysis was performed using polyT or polyU as There was little difference in the 5S rRNA levels of wildtype, ⌬H1, and ⌬MicLH cells (Figure 2 ). To rule out the probes. Total RNA from known numbers of cells was blotted and rRNA was used as an internal standard, possibility that RNA isolation or Northern blotting or both were biased against small RNAs, slot blot hybridization since its level does not change in cells lacking linker histones (see Figure 1) . Using a 30 nt polyT probe, the was also performed to measure 5S rRNA abundance without RNA isolation (Grimes et al., 1988) . Using this sizes of mRNAs detected ranged from less than 1 kb to greater than 6 kb. Most mRNAs were between 1-2 kb method, the 5S rRNA levels in ⌬H1 and ⌬MicLH cells Northern analysis of mRNAs for TBP and for RPII. Total RNA was isolated from wild-type, ⌬H1, ⌬MicLH cells at 200,000 cells per ml during log growth. Total RNA (10 g) was analyzed in each lane. Using a TBP gene-specific probe (top), a 1.4 kb band was detected. No change in TBP mRNA size or amount was observed in ⌬H1 or ⌬MicLH strains. Using a Tetrahymena RPII-specific probe (middle), Figure 3 transcription activity is reduced 2-to 3-fold. Again, little difference is detected in relative transcription rate between wild-type (0.35) and ⌬H1 (0.40; Table 1 ). It should be noted that the majority of run-on transcription in log ( Figure 3) . No change in total polyA ϩ mRNA level was cell macronuclei is from the 17S and 26S ribosomal detected in ⌬H1, ⌬⌬LH, or ⌬MicLH cells (Figure 3) . Like-RNA genes, while in starved cell nuclei the majority of wise, no differences in total polyA ϩ mRNA levels were transcription is nonribosomal (presumably pol II) tranobserved in starved cells (data not shown). Similar analyscription (K. Shupe and M. A. G., unpublished data). ses using a polyU probe gave similar results (data not These results strongly indicate that linker histone H1 shown). Thus, the steady-state level of polyA ϩ mRNA is does not affect global transcription of pol I and pol II not changed, indicating that most RNA polymerase II genes in vivo. transcripts are not affected by loss of linker histones.
We also examined the levels of two mRNAs encoding To extend these observations to specific mRNAs, components of the basal transcription apparatus (for transcripts of a number of genes in log cells were examreview see Lewin, 1994) : the universal transcription facined by Northern blots, including genes encoding histor, TATA-binding protein (TBP; Cormack and Struhl, tones H3 and hv1, nuclear nonhistone proteins HMG B 1992), and the conserved large subunit of RNA polymerand HMG C, and the cytoskeletal proteins actin and ase II (RPII; Allison et al., 1985) . Using a Tetrahymena ␤-tubulin. No differences in message size or amounts TBP probe (Stargell and Gorovsky, 1994 ) and a probe for any of these mRNAs were detected in ⌬H1 or ⌬MicLH made from a partial cDNA of Tetrahymena RPII, a singlestrains (data not shown), consistent with the conclusion copy gene that shares high sequence homology to RPII that most RNA polymerase II transcripts are not affected genes from other organisms (data not shown), no differby the loss of linker histones. ences in message size or amounts for either of these two mRNAs were detected in ⌬H1 or ⌬MicLH strains on Northern blots (Figure 4) , consistent with an unchanged Global Transcription Is Not Affected in Cells Lacking Linker Histones basal transcription machinery in linker histone knockouts. While the absence of changes in steady-state levels of RNA is most simply explained by the absence of changes in transcription, it is possible that increased or Linker Histone H1 Represses Basal Transcription of a Specific Gene (ngoA) decreased transcription combined with parallel increased or decreased decay can result in seemingly
We have shown that linker histone H1 has little or no effect on general transcription or on the expression of unchanged steady-state RNA levels. To address this, nuclear run-on experiments were performed to examine a number of constitutively expressed genes. Next, we wished to determine whether it had an effect on the total transcriptional activity. Using equal numbers of nuclei isolated from control and ⌬H1 cells, transcription expression of inducible genes. Certain genes in Tetrahymena cells are not expressed in one physiological stage activity was determined by 32 P-UTP incorporation from a known number of nuclei. The relative transcription but are induced in another. Such genes offer an opportunity to investigate the role of linker histone H1 in regurates of each type of cells was determined using nuclei isolated from control log cells as a standard (1.00). In lated transcription. Transcriptional analysis by nuclear run-on experiments. Nuclei were isolated from wild-type and ⌬H1 cells at 160,000 cells per ml during log growth (left). Nuclei were also isolated from 20 hr starved wild- Figure 5 . Expression of mRNAs for ngoA and CyP Genes in Linker type and ⌬H1 cells at 240,000 cells per ml in starvation medium Histone Knockout Strains (right). Probes from top to bottom were ngoA, CyP, BTU (␤-tubulin Northern analysis of ngoA and CyP expression. Total RNA was genes), and BS (Bluescript vector control) . ngoA transcription was isolated from wild-type, ⌬H1, ⌬MicLH, ⌬⌬LH cells at 180,000 cells not detectable in wild-type log cells, but basal transcription was per ml during log growth. Total RNA was also isolated from 18 hr detected in ⌬H1 log cells. Similar and high ngoA transcription was starved wild-type, ⌬H1, and ⌬MicLH cells at 300,000 cells per ml in detected in wild-type and ⌬H1 starved cells (top). CyP transcription starvation medium. Total RNA (10 g) was analyzed in each lane.
was not detected in wild-type or ⌬H1 log cells, but in starved cells Using a ngoA-specific probe, no ngoA mRNA was detectable in
CyP transcription was about 3-to 5-fold higher in wild-type than in wild-type or ⌬MicLH in log cells, while a weak but clear ngoA mRNA ⌬H1 (second panel). Similar high levels of transcription of BTU were expression was observed in both ⌬H1 and ⌬⌬LH log cells (top left).
detected in wild-type and ⌬H1 log cells, while similar low levels of In starved cells, ngoA mRNA levels were high and similar in wild-BTU transcription were detected in wild-type and ⌬H1 starved cells type, ⌬H1, and ⌬MicLH strains (middle right). Using a CyP-specific (third panel). BS vector control showed no hybridizations (bottom). probe, no CyP mRNA was detectable in wild-type, ⌬H1, ⌬⌬LH, or ⌬MicLH log cells (data not shown). In starved cells, CyP mRNA levels were about 10-fold higher in both wild-type and ⌬MicLH than isolated from control and ⌬H1 cells at early log phase , 1983) . When their mRNA levels were examined by Northern blotting in cells lacking linker histones, norinduction was observed in two of two experiments. Both control and ⌬H1 starved cells showed similar and highly mal levels of both mRNAs were observed in log cells. No accumulation of either mRNA was detected in induced levels of ngoA transcription (Figure 6 ), consistent with the expression pattern detected by Northern starved cells (data not shown), indicating that neither HHT1 nor HHT2 expression is affected by the loss of blotting (see Figure 5 ). Note that transcription of the genes encoding ␤-tubulin, though differing significantly linker histones.
ngoA is a nongrowth-specific gene of unknown funcbetween growing and starved cells, is indistinguishable in the presence or absence of H1 ( Figure 6 ). These retion (Martindale and Bruns, 1983) . Its mRNA can be detected in stationary or starved cells but not in growing sults indicate that linker histone H1, although not a global repressor of transcription, can function as a genecells. Nuclear run-on experiments showed that transcription of ngoA correlates with its mRNA expression specific repressor of transcription in vivo. pattern; i.e., ngoA transcription can be detected in starved cells but not in log cells (Stargell et al., 1990) .
Linker Histone H1 Activates CyP Transcription
To investigate further the role of linker histone H1 in When ngoA mRNA was examined by Northern blotting, a weak but clear basal expression in vegetative growing specific gene regulation, we studied another gene exhibiting similar regulated transcription. CyP (formerly cells was detected in both ⌬H1 and ⌬⌬LH but not in control or ⌬MicLH cells (Figure 5) , suggesting that linker known as BC11) encodes a cysteine protease . It is regulated like ngoA in wild-type cells; histone H1 is involved in the basal repression of the ngoA gene during vegetative growth. This low level of both its message and its transcription are undetectable in growing cells and are strongly induced by starvation induction was detected in three of four experiments. However, during starvation, the activated ngoA mRNA (Stargell et al., 1990) . When CyP mRNA was examined in linker histone level was not changed in ⌬H1 cells (Figure 5 ) or in ⌬⌬LH cells (data not shown). This is consistent with a gene-H1 knockout strains, a surprisingly different pattern emerged. Unlike ngoA, CyP did not exhibit leaky basal specific role of linker histone H1 in repression of basal transcription and the absence of a role in activated tranexpression in ⌬H1 cells at log phase (data not shown), suggesting that it is maintained in the repressed state scription.
To investigate whether linker histone H1 represses in the absence of linker histone H1. However, in starved cells, while CyP mRNA in both control and ⌬MicLH cells ngoA basal expression at the transcriptional level, nuclear run-on experiments were performed. Nuclei were was highly induced, it was only slightly induced in ⌬H1 cells ( Figure 5 ). Quantitation of the Northern blots indidoes not increase, suggesting that chromatin deconcated that the reduction in the induced level of CyP densation, per se, does not lead to general derepression mRNA in ⌬H1 cells was about 10-fold, suggesting that of transcription. We have shown that in ⌬H1 cells, the linker histone H1 is required for proper activation of CyP mRNA levels for the universal transcription factor TBP expression. A similar effect was observed in ⌬⌬LH cells and for RPII were not changed (Figure 4 ), consistent (data not shown).
with unchanged basal transcription machinery in linker To investigate whether linker histone H1 affects CyP histone knockout strains. These observations argue that expression at the transcriptional level, we performed some part of the transcription machinery other than nuclear run-on experiments. CyP transcription was not chromatin decondensation is the limiting factor in gendetectable in nuclei isolated from either wild-type or ⌬H1 eral transcription. log phase cells (Figure 6 ), consistent with the expression Although linker histone H1 does not affect transcrippattern detected by Northern blotting (see Figure 5) . tion globally, H1 does repress the basal transcription of Thus, linker histone H1 does not appear to be involved at least one gene, ngoA (a gene of unknown function). in CyP repression. However, in starved cells, CyP tranIn growing cells, there was a small but distinct accumuscription was 3-to 5-fold higher in control than in ⌬H1 lation of ngoA message in cells lacking H1 but not in cells (Figure 6 ), indicating that linker histone H1 was control cells (Figure 5 ). The levels of ngoA mRNA in required for the activated transcription of the CyP gene.
growing cells of the H1 knockout strains were far below These results strongly argue that linker histone H1, surthe levels induced by starvation ( Figure 5 ), suggesting prisingly, can function as a gene-specific activator of a derepression of basal transcription rather than a true transcription in vivo.
induction. We also showed that ngoA repression by H1 occurred at the level of transcription (Figure 6 ), providing Discussion strong evidence that H1 represses basal gene expression in vivo. In Xenopus, Bouvet et al. (1994) demonLinker histone H1 has long been implicated in general strated that overexpression of H1 during early developrepression of transcription (Zlatanova and Van Holde, ment selectively inhibits the expression of oocyte 5S 1992). However, our results suggest that linker histone rRNA gene without affecting expression of somatic 5S H1 is not likely to be the sole or the major general represrRNA (or U1/U2 or tRNA) genes. Conversely, depletion sor of transcription in vivo. We have previously shown of H1 specifically increases oocyte 5S rRNA gene tranthat linker histones are not essential and that linker hisscription. These results, while quite different from ours tone knockout strains grow normally (Shen et al., 1995) .
in detail, provided the first indication that H1 could affect More directly, in this study we have shown that linker transcription in a gene-specific manner. histone H1 does not appear to repress transcription of Unexpectedly, in Tetrahymena cells, linker histone is most genes in vivo. Levels of mature transcripts prorequired for the activated expression of at least one duced by three classes of RNA polymerases were not gene, CyP. Unlike ngoA, basal expression of the CyP affected by the loss of linker histones. We have premessage was not derepressed in growing cells; howviously ruled out the possibility that the micronuclear ever, the induced level of mRNA in starved cells lacking linker histone substitutes for H1 by showing that MicLH H1 was reduced over control cells ( Figure 5 ). We also is not present in the macronuclei of the ⌬H1 cells and showed that H1 activated CyP expression at the level that both linker histones can be eliminated in the same of transcription (Figure 6 ), providing strong evidence for cells without affecting growth (Shen et al., 1995) . Another a novel function of H1 as an activator of transcription possibility, that other nonlinker histone proteins can rein vivo. place linker histone function, is also unlikely, since we Several lines of evidence suggest that linker histone could not detect any major differences in the nuclear H1 affects basal repression of ngoA and activated tranprotein profiles in linker histone knockout strains other scription of CyP directly rather than indirectly. First, we than the loss of the linker histones (data not shown).
have shown that expression of many genes, including Also, our study is based on complete disruption of natusome required for basal and activated transcription (TBP rally existing linker histones in vivo, making it more likely and RPII), is not affected in the absence of H1. Secondly, to reflect the physiological role of linker histones than if loss of H1 simply derepressed the specific transcripstudies using an in vitro system or introducing heterolotion factors required for ngoA expression, we might have gous linker histones in vivo.
expected fully induced expression of ngoA in growing One mechanism whereby H1 could repress general cells. We observed only low levels of expression. Thirdly, transcription is by condensing chromatin structures, if the incomplete activation of CyP transcription during thus limiting the access of the transcription machinery starvation was caused by improper expression of hypoto promoters and enhancers. We have previously shown thetical starvation-specific activators due to the loss that linker histones are involved in chromatin condensaof linker histone H1, we should have observed similar tion in vivo (Shen et al., 1995) . ⌬H1 cells have enlarged effects on other starvation-specific genes. However, acdiamidophenylindole-stained macronuclei and normaltivated transcription of ngoA during starvation was not sized micronuclei, while ⌬MicLH cells have enlarged affected by linker histone loss (Figures 5 and 6 ). Taken micronuclei and normal-sized macronuclei. Thin section together, these considerations argue that linker histone electron microscopy directly demonstrates that the in-H1 is likely to be directly involved in both the positive crease in diamidophenylindole-staining area results, at and negative regulation of specific genes. Even if the least in part, from chromatin decondensation (our uneffects of loss of H1 on expression of ngoA and CyP are published data). Thus, in ⌬H1 cells, macronuclear chromatin decondensation occurs but general transcription indirect, it is important to emphasize that these knockout
Experimental Procedures
studies likely reveal important physiologically relevant functions of H1 in vivo.
Strains and Culture Conditions
There are several mechanisms by which linker histone T. thermophila wild-type control strain CU428 was provided by P. J.
H1 might affect specific gene expression. One possibilBruns (Cornell University). Linker histone knockout strains ⌬H1, ity is that H1 plays a role in determining the accessibility ⌬MicLH, and ⌬⌬LH were obtained by gene disruption and were of genes to the transcription machinery by compaction described previously (Shen et al., 1995) . Cells were grown in 1 ϫ SPP (Gorovsky et al., 1975) regions (Meersseman et al., 1992; Simpson et al., 1993;  Filters were dried for 6 hr at 50ЊC, then weighed. Wolffe, 1994) . These possible mechanisms are not mutually exclusive, and different ones could apply to different RNA Isolation and Quantitation genes. They are currently being investigated in our in
Total RNA was isolated according to published procedures (Chirgvivo system. win et al., 1979) . Growing cells at different cell densities were used
Like the H3 and H4 core histones in S. cerevisiae for isolating log phase total RNA. Total RNA from starved cells was isolated from cells that had been starved for 18 hr at the density of (Fisher-Adams and Grunstein, 1995) , we have shown
